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E-mail address: banhegyi@eok.sote.hu (G. BánhegyRedox state of pyridine nucleotides of the endoplasmic reticulum (ER) lumen was determined in dif-
ferent nutritional conditions. NADPH-dependent cortisone reduction and NADP+-dependent cortisol
oxidation were measured in rat liver microsomes, by utilizing the luminal 11b-hydroxysteroid dehy-
drogenase type 1 activity. Cortisone reduction decreased, while cortisol oxidation increased during
onward starvation, showing that the luminal NADPH/NADP+ ratio was substantially decreased. Cor-
tisone or metyrapone addition caused a smaller decrease in NADPH ﬂuorescence in microsomes
from starved rats. The results demonstrate that nutrient supply is mirrored by the redox state of
ER luminal pyridine nucleotides.
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The endoplasmic reticulum (ER) is a metabolic compartment in-
volved in many important pathways of the intermediary metabo-
lism [1]. Cells can dynamically adjust ER functions to cope with
the alterations of metabolic demand. ER stress caused by extreme
metabolic conditions (either over- or undernutrition) can be
sensed by the luminal machinery of protein folding. Accumulation
of immature and unfolded proteins during ER stress triggers the
unfolded protein response (UPR) that ﬁnally leads to a variety of
downstream effects, such as apoptosis, inﬂammation, and insulin
resistance [2–4].
Accumulating evidence suggest that the ER plays a prominent
role in nutrient sensing [5], and as a nutrient sensor it can em-
ploy other signaling pathways beside the UPR. Overfeeding stim-
ulates local activation of glucocorticoids in many cell types, and
the concomitant autocrine and paracrine effects seem to be
important elements of the pathomechanism of obesity, metabolic
syndrome, and type 2 diabetes [6,7]. Concerted action of the glu-chemical Societies. Published by E
drogenase type 1; ER, endo-
, glucose-6-phosphate trans-
edical Chemistry, Molecular
ity, POB 260, 1444 Budapest,
i).cose-6-phosphate transporter (G6PT)–hexose-6-phosphate dehy-
drogenase (H6PD)–11b-hydroxysteroid dehydrogenase type 1
(11bHSD1) triad, located in the ER, has been proved to be
responsible for glucocorticoid activation both in the liver and
adipose tissue [8,9]. Luminal pyridine nucleotides, linking H6PD
to 11bHSD1, are indispensable components of this prereceptorial
glucocorticoid activating system. The ER luminal NADPH/NADP+
pool is separated from the cytosolic one due to the impermeabil-
ity of the ER membrane to pyridine nucleotides. 11bHSD1 re-
quires a high [NADPH]/[NADP+] ratio for its reductase activity
[10]. The high ER luminal [NADPH]/[NADP+] ratio is maintained
by the activity of H6PD, which in turn is provided with G6P
by import via G6PT. Alterations of the cellular metabolism can
affect glucocorticoid hormone activation from inactive precursors
in this system by altering the activity of H6PD and hence the
redox state of pyridine nucleotides in the ER lumen. Thus, the
luminal pyridine nucleotide pool can be regarded as a metabolic
sensor in the ER, which connects intermediary metabolism to
hormonal signaling. In accordance with this theory, H6PD seems
to be a ubiquitous housekeeping enzyme with a moderate induc-
ibility implying that substrate supply rather than enzyme level
deﬁnes the luminal NADPH/NADP+ ratio [11–13].
The aim of the present work was to determine the redox state of
ER luminal pyridine nucleotides in different nutritional conditions,
in order to elucidate whether and how the luminal NADPH/NADP+
pool of hepatic ER is affected by starvation and fed state. To thislsevier B.V. All rights reserved.
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vesicles was titrated with cortisone and cortisol, respectively, by
utilizing the endogenous 11bHSD1 activity. The results showed
that the luminal [NADPH]/[NADP+] ratio substantially decreased
during starvation, conﬁrming that nutrient supply is mirrored by
the redox state of ER luminal pyridine nucleotides.
2. Materials and methods
2.1. Materials
Cortisone, cortisol, metyrapone, glucose-6-phosphate (G6P),
NADP+, NADPH, Triton X-100 and 4-morpholinepropanesulfonic
acid (MOPS) were purchased from Sigma Chemical Co., St. Louis,
MO, USA. The polyclonal antibodies against G6PT, H6PD and actin
were provided by Santa Cruz Biotechnology. 11bHSD1 antibody
was purchased from Cayman Chemical. All other reagents were
of analytical grade.
2.2. Preparation of rat liver microsomes
Microsomal fractions were prepared from livers of fed, 12 or
36 h fasted male Wistar rats (180–230 g), as reported earlier [8].
Microsomes were resuspended in KCl/MOPS buffer (100 mM KCl,
20 mMNaCl, 1 mMMgCl2, 20 mMMOPS, pH 7.2) and kept in liquid
nitrogen until use. The protein concentration in microsomal sus-
pensions was determined using the method of Lowry et al. [14]
with bovine serum albumin as a standard. Intactness of the micro-
somal membrane was checked by measuring the latency of the
intraluminal UDP-glucuronosyltransferase activity [15], which
was higher than 96% in all preparations.
2.3. Measurement of enzyme activities
The maximal 11bHSD1 enzyme activity was evaluated in rat liver
microsomes (0.5 mg protein/ml) permeabilized with alamethicin
(0.1 mg/mg protein) to allow the free access of the cofactor to
the intraluminal active site of 11bHSD1. Dehydrogenase activity
was measured upon the addition of 10 lM cortisol and 100 lM
NADP+. Reaction was elaborated in KCl/MOPS buffer (pH 7.2) for gi-
ven times at 37 C. The reactions were terminated by adding equal
volume of ice-cold methanol. The samples were kept at 20 C un-
til HPLC analysis.
The maximal H6PD enzyme activity was measured by ﬂuorimet-
ric analysis in permeabilized rat liver microsomes (1 mg protein/
ml). NADPH formation was detected upon the subsequent addition
of 2 mMNADP+, 100 lMG6P and 1% Triton X-100 [9]. Fluorescence
was monitored at 350 nm excitation and 460 nm emission wave-
lengths by using a Cary Eclipse ﬂuorescence spectrophotometer
(Varian).
The summarized activity of the G6PT–H6PD–11bHSD1 triad was
measured in intact rat liver microsomes (0.5 mg protein/ml). Con-
trol and treated microsomes were incubated with the presence of
10 lM cortisone and 50 lM G6P for given times at 37 C. The reac-
tions were terminated by adding equal volume of ice-cold metha-
nol. The samples were kept at 20 C until HPLC analysis.
2.4. HPLC detection of cortisol and cortisone
The ratio of reduced pyridine nucleotides was measured via the
coupled cortisone–cortisol conversion reaction catalyzed by
11bHSD1. The luminal reducing and oxidizing capacities were ana-
lyzed by incubating the intact rat liver microsomes at 37 C in KCl/
MOPS buffer at a protein concentration of 5 mg/ml in the presence
of 10 lM cortisone and cortisol, respectively. Samples were incu-bated for 0, 5, 10 and 20 min, the reactions were terminated by
adding ice-cold methanol. Samples were stored at 20 C until
analysis. After sedimentation of the precipitates by centrifugation
(20 000g for 10 min at 4 C), the cortisol and cortisone content
of the supernatants was measured by HPLC (Alliance 2690; Waters
Corp., Milford, MA, USA) using a Nucleosil 100 C18 column (5 lm
25  0.46) (Teknokroma). The eluent was 58% methanol, samples
were eluted for 20 min and the absorbance was detected at
245 nm wavelength (Dual l Absorbance Detector 2487). The reten-
tion times of cortisol (approx. 13.5 min) and cortisone (approx.
15.5 min) were determined by injecting standards.
2.5. Fluorimetric detection of reduced pyridine nucleotides
Reduced pyridine nucleotides were detected based on their
characteristic ﬂuorescent spectrum in microsomes. Fluorescence
was monitored at 350 nm excitation and 460 nm emission wave-
lengths by using a Cary Eclipse ﬂuorescence spectrophotometer
(Varian).
2.6. Western blot
Aliquots of rat microsomes (50 lg protein per lane) were elec-
trophoresed on Tris-glycine minigels and transferred onto Immobi-
lon-P membranes (Millipore). The membranes were blocked with
5% milk powder solution overnight and incubated with given
primary and secondary antibodies for 1 h at room temperature.
To detect actin, a horseradish peroxidase (HRP) conjugated goat
polyclonal antibody raised against the C-terminus of human pro-
tein (Santa Cruz sc-1616) was used at a dilution of 1:5000. G6PT
and H6PD were detected with a rabbit polyclonal antibody against
the N-terminus and the C-terminus of human G6PT or H6PD,
respectively at a dilution of 1:1100. Both reagents react with
mouse, rat and human isoforms (Santa Cruz sc-135480 and
sc-67394). 11bHSD1 was analyzed by a rabbit polyclonal antibody
against the amino acids 78–92 of the human protein, which reacts
with human, mouse and rat isoforms at a dilution of 1:1000. The
secondary antibody was HRP conjugated bovine polyclonal anti-
rabbit IgG (sc-2370) at a dilution of 1:5000. HRP was detected
using the SuperSignal West Pico Chemiluminescent Substrate
(Pierce).
2.7. Statistical analysis
Three independent measurements were performed in tripli-
cates. The quantiﬁed results are shown as mean values ± S.D.
Statistical analysis for enzyme activities was performed with
one-way ANOVA followed by the Tukey–Kramer Multiple Com-
parison Test (GraphPad InStat).
3. Results
3.1. Starvation has no effect on the activities and protein levels of the
G6PT–H6PD–11bHSD1 triad
As it has been mentioned, luminal NADPH produced in H6PD
reaction provides 11bHSD1 with reducing force for cortisone–cor-
tisol conversion. Redox state of luminal pyridine nucleotides is
well reﬂected by the intrinsic cortisone reducing and cortisol oxi-
dizing capacity of ER-derived microsomal vesicles, which can be
evaluated by employing the endogenous 11bHSD1 activity pro-
vided that the experimental conditions (starvation for 12 or 36 h)
do not cause any signiﬁcant change in the expression level and
activity of the three relevant ER proteins (Fig. 1). The overall activ-
ity of G6PT–H6PD–11bHSD1 triad was measured ﬁrst: intact
Fig. 1. Effect of starvation on G6PT, H6PD and 11bHSD1 enzyme activities in rat
liver microsomes. (A) Activity of the G6PT–H6PD–11bHSD triad. Microsomes were
incubated at 37 C in KCl/MOPS buffer in the presence of 10 lM cortisone and
50 lM G6P at a protein concentration of 0.5 mg/ml for 5, 10 and 20 min. The
reaction was terminated by addition of ice-cold methanol. The ratio of cortisone–
cortisol conversion was analyzed by HPLC (see Section 2). (B) Enzyme activity of
H6PD. Microsomes were incubated at room temperature in KCl/MOPS buffer in a
ﬂuorimetric quartz cuvette at a protein concentration of 1 mg/ml. Dehydrogenation
of G6P was monitored via NADPH formation (extinction and emission wavelengths
at 350 and 460 nm, respectively) after the subsequent addition of 2 mM NADP+,
100 lM G6P and 1% Triton X100. Pulse addition of NADPH was done for calibration.
All experiments were elaborated in triplicates. The quantiﬁed results are shown as
mean values ± S.D. Statistical analysis was performed with the Tukey–Kramer
Multiple Comparisons Test.
Fig. 2. Effect of starvation on G6PT, H6PD and 11bHSD1 protein levels in rat liver
microsomes. Protein levels were analyzed by Western blot technique using equal
amount (50 lg) of untreated and 12 or 36 h starved rat liver microsomes. Actin was
used as internal control. Representative immunoblots of three independent
experiments are shown.
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bated in substrate excess (G6P and cortisone) and the produced
cortisol was measured by HPLC (Fig. 1A). In these experimental
conditions, all the three components of the triad are involved in
cortisol production. There was no difference between these overall
activities comparing control and starved samples (Fig. 1A). H6PD
activity was separately measured by ﬂuorimetric detection of
G6P-fuelled NADPH production in permeabilized microsomes
(Fig. 1B); activities were found to be unaltered by starvation as sig-
niﬁcant differences were not seen between control and starved
samples.
Protein levels of G6PT, H6PD and 11bHSD1 enzymes in non-
starved and 12- or 36-h-starved microsomal samples were also
analyzed by immunoblots, and, in line with the activity measure-
ments, signiﬁcant changes in protein expression could not be
observed (Fig. 2).
3.2. Endogenous reducing capacity of the ER is decreased during
starvation
Since the relevant transporter and enzyme activities as well as
the corresponding protein levels did not change upon starvation,
we could utilize them for the analysis of NADPH/NADP+ pool of
the ER lumen by measuring the initial rate of cortisol production
by 11bHSD1 driven solely by endogenous reducing power (i.e.,
luminal NADPH) of the microsomal vesicles. Intact liver micro-somes prepared from fed and starved rats were incubated with
cortisone alone and cortisone and cortisol contents were quantiﬁed
with HPLC after 0, 5, 10, 15 and 20 min. During this incubation per-
iod (20 min), the amount of cortisol increased linearly, i.e., the rate
of conversion was constant (Fig. 3A); long-lasting incubations re-
sulted in a decline of the rate, presumably due to the exhaustion
of the luminal pyridine nucleotides available for the reaction (data
not shown). As Fig. 3A shows, cortisone reducing capacity of micro-
somes prepared from starved animals was remarkably lower com-
pared to the controls and this lowering in the endogenous reducing
force was progressive during the investigated period of starvation.
Cortisol production was about two third and one third of the con-
trol value after 12-h and 36-h starvations, respectively (Fig. 3A).
The initial rates of cortisone conversion were calculated and de-
picted in a diagram (Fig. 3B). The rate was signiﬁcantly lower in
case of 12-h (P < 0.05) and 36-h (P < 0.001) starvation compared
to non-starved microsomes. As the other side of the coin, the
endogenous oxidizing capacities were also investigated by analyz-
ing the 11bHSD1 reaction in the opposite direction (Fig. 3C). Intact
microsomal vesicles were incubated with cortisol alone and the
cortisone formed by 11bHSD1 was quantiﬁed with HPLC. The cor-
tisol oxidizing power of the ER lumen was about doubled upon
starvation (Fig. 3C). The rates of cortisol conversion were signiﬁ-
cantly higher for both 12- and 36-h starved samples (P < 0.001)
(Fig. 3D). The ratio of reducing and oxidizing capacities in 12-h
starved rat liver microsomes was approximately one-third of the
control value. This ratio was even much lower, about one seventh
of control in 36-h starved samples (Fig. 3E).
3.3. Luminal NADPH content of ER vesicles is decreased upon
starvation
The reduced, i.e., oxidizable pyridine nucleotide content of rat
liver microsomes was also measured by a ﬂuorimetric method
(Fig. 4). Intact microsomal vesicles were incubated in the cuvette
and the stable baseline ﬂuorescence characteristic to reduced pyr-
idine nucleotides was recorded in case of each sample for 1 min.
Upon addition of 10 lM cortisone, a remarkable decrement of re-
duced pyridine nucleotide content was detected in control sam-
ples. The magnitude of decrease in ﬂuorescent signal was
signiﬁcantly lower when cortisone was added to microsomes pre-
pared from starved animals. Furthermore, the longer the starvation
Fig. 3. HPLC analysis of the endogenous reducing and oxidizing capacity of rat liver
microsomes. (A and B) Effect of starvation on endogenous luminal reducing
capacity. Microsomes from control, 12-h and 36-h starved animals were incubated
at 37 C in the presence of 10 lM cortisol at 5 mg/ml protein concentration for 0, 5,
10 and 20 min. The reactions were terminated by adding the same volume of
methanol and the produced cortisone content was analyzed by HPLC. The
increasing amount of cortisone – proportional with the luminal reducing capability
– was plotted. The 11bHSD1 enzyme activities were depicted in bar diagram. (C and
D) Effect of starvation on the intraluminal oxidizing capacity. Microsomes from
control, 12-h and 36-h starved animals were incubated at 37 C in the presence of
10 lM cortisone at 5 mg/ml protein concentration for 0, 5, 10 and 20 min. The
reactions were terminated by adding the same volume of methanol and the
produced cortisone content was analyzed by HPLC. The increasing amount of
cortisol – proportional with the luminal oxidizing capability – was plotted. The
11bHSD1 enzyme activities were represented in bar diagram. (E) Ratio of the
intraluminal reducing and oxidizing capacities. All experiments were carried out in
triplicates. The quantiﬁed results are shown as mean values ± S.D. Statistical
analysis was performed with the Tukey–Kramer Multiple Comparisons Test.
*P < 0.05; **P < 0.01; ***P < 0.001.
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At the end of each experiment, 100 lM G6P was added to the
microsomes, which resulted in a complete regeneration of the ini-
tial reduced pyridine nucleotide content, demonstrating the intact-
ness of the microsomes (Fig. 4A). Similar results were obtained
when these experiments were carried out by using the NADPH-
reducible compound metyrapone. It has been shown earlier that
metyrapone can also deplete the ER luminal NADPH content [16].
Accordingly, addition of 10 lMmetyrapone caused the same effect
as cortisone, and the difference between control and starvedsamples was evident again. Regeneration of luminal pyridine
nucleotides after the successive addition of 100 lM G6P was also
detected. Upon G6P addition the ﬂuorescent signal returned
approximately to the starting value, which could suggest that not
only the redox state but also the total amount of pyridine nucleo-
tides were changed. However, it should be taken into account that
this new equilibrium is formed by the simultaneous presence of
cortisone/metyrapone and G6P. These results provide further evi-
dence that the microsomal preparations from starved animals pos-
sess lower endogenous reducing capacity (Fig. 4B).
4. Discussion
Pyridine nucleotides play central roles as electron carriers in all
branches of cellular metabolism. Most of the enzymatic processes,
in which NADPH is known to supply electrons for reducing biosyn-
thesis, monooxygenations and regeneration of antioxidant mole-
cules, are localized in the cytosol. However, research in the past
fewyears has revealed important insights into howNADPH is gener-
ated and utilized in other subcellular compartments. Growing evi-
dence support the concept that the separate NADPH pool of the ER
lumen ismaintainedby theconcertedactionofG6PTandH6PD.Nev-
ertheless, the exact composition, concentration and redox state of
pyridine nucleotides in this compartment have not been revealed.
Appropriatemolecular probes for invivomeasurements aremissing.
Although the ER luminal pyridine nucleotides are retained in the
vesicles during microsomal preparation, reliable direct determina-
tion of microsomal contents is apparently hindered by technical
difﬁculties. Data obtained from enzymatic measurements in micro-
somal preparations [17,18] should be handled with caution due to
relative speciﬁcity of the applied enzymes and fast oxidation of
NAD(P)H upon disruption of the microsomal membrane [19]. To
eliminate these ﬂaws, we utilized the endogenous NADP(H) depen-
dent enzyme 11bHSD1 to estimate luminal NADPH and NADP+ con-
centrations within the intact microsomal vesicles.
The results obtained with this novel approach conﬁrmed our
previous observations indicating that the ER luminal NADPH/
NADP+ pool is present in predominantly reduced form [19]. The
rate of cortisone reduction was higher than that of cortisol oxida-
tion in all nutritional states investigated. Assuming that abun-
dantly supplied cortisone can fully oxidize the microsomal
pyridine nucleotide pool and taking into account the maximal cor-
tisone reduction in microsomes from fed animals (approximately
1.2 lmol/mg protein; Fig. 3) and the intravesicular volume of the
microsomes (approximately 3 ll/mg protein), a luminal NADPH
concentration of about 0.4 mM can be calculated. This value is in
absolute agreement with the previously published data, derived
from direct ﬂuorimetric measurements [19]. The data of Fig. 4 sug-
gest that the total amount of pyridine nucleotides was also chan-
ged; however, on the basis of relative ﬂuorescent values exact
calculation of the size of luminal pyridine nucleotide pools in dif-
ferent nutritional conditions cannot be reliably carried out.
The major goal of the present work was to reveal whether fed
state and starvation inﬂuence the redox state of ER luminal pyri-
dine nucleotide pool. Our results show that the nutritional state
does indeed greatly affect [NADPH]/[NADP+] ratio: starvation
causes a shift towards NADP+, as reﬂected by a decreased corti-
sone-to-cortisol and an increased cortisol-to-cortisone conversion
and also conﬁrmed by more direct ﬂuorescent measurements.
Although the reducing power of rat liver microsomal vesicles
was higher than the oxidizing power in all nutritional states
(Fig. 3E), starvation clearly changed the luminal conditions in favor
of oxidation. The rate of cortisone reduction gradually decreased
during starvation, reaching one-third of the control value after
36 h (Fig. 3B) indicating a slower NADPH consumption, probably
Fig. 4. Fluorimetric analysis of the endogenous reducing and oxidizing capacity of rat liver microsomes. Microsomes (2 mg/ml protein concentration) were incubated in
quartz ﬂuorimetric cuvette for 1 min monitoring the ﬂuorescence of their endogenous reduced pyridine nucleotide pool. The reducing capacity was measured by subsequent
addition of 10 lM cortisone (A) or 10 lM metyrapone (B) and 100 lM G6P. All experiments were carried out in triplicates. Representative measurements are shown RFU,
relative ﬂuorescence units.
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tion was elevated about 2.5-fold after 12 h of starvation (Fig. 3D),
which in turn indicates a better NADP+ availability. These results
were conﬁrmed by the ﬂuorimetric detection of reduced pyridine
nucleotides in the microsomal vesicles: addition of cortisone or
metyrapone caused smaller decrease in the ﬂuorescent signal in
microsomes from starved animals (Fig. 4).
Beyond the evident dependence of the hepatic ER luminal redox
conditions on the nutritional state, our ﬁndings strongly indicate
that starvation decreases the prereceptorial glucocorticoid activa-
tion capacity of the liver. H6PD activity is widely regarded as the
major source of NADPH in the ER [13,20]. Directly fueled by G6P,
this enzyme can fulﬁll a nutrient-sensor function, which links
metabolism to endocrinology in the ER [12]. Despite the unaltered
protein levels and activities of the members of G6PT–H6PD–
11bHSD1 triad we observed an increase in cortisone reducing abil-
ity and a decrease in cortisol oxidizing ability of the ER derived
microsomes, which suggests that (at least during a relatively short
period) nutrient supply and a consequent luminal NADPH supply
are more important determinants of prereceptorial glucocorticoid
activation, than the long-term transcriptional regulation.
ER stress is considered as a major initiator of macroautophagy
[21]. Redox alterations belong to the most common causes of ER
stress [22]. Several recent publications demonstrated that NADPH
depletion in the ER lumen leads to ER stress and a consequent cell
death by apoptotic or autophagic mechanism [20,23,24]. Since
starvation is a principal factor of physiologic autophagy, it can be
supposed that depletion of the ER NADPH pool is an essential chain
link in nutrient sensing – starvation signaling.In conclusion, the results presented here demonstrate that star-
vation results in a decrease of the ER luminal NADPH level, leading
to diminished prereceptorial glucocorticoid activation in rat liver
microsomes. However, the phenomenon can be looked at from an-
other point of view: food intake enhances local glucocorticoid acti-
vation in the liver and presumably also in other tissues equipped
with G6PT, H6PD and 11bHSD1 in the ER. This mechanism might
contribute to the generation of fat deposits by favoring preadipo-
cyte differentiation [11,16]. The ﬁndings conﬁrm that the G6PT–
H6PD–11bHSD1 triad plays an important role in nutrient sensing,
and can be a source of divergent signaling mechanisms helping
the adaptation to starvation or fed state and potentially contribut-
ing to the pathomechanism of obesity and related diseases.
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